A b s t r a c t -Location e s t i m a t i o n of mobile phones has received considerable interest in the field of wireless communications. In t h i s paper, a s i m p l e and efficient positioning algorithm using received signal s t r e n g t h measurements o b t a i n e d f r o m at least three base s t a t i o n s are developed. Our proposed method is based on solving a nonconvex constrained weighted least squares problem. Simulation results show that the p e r f o r m a n c e of the proposed method achieves the Cramer-Rao lower bound.
I. Introduction
Since the first ruling of the Federal Communication Commission for detection of emergency calls in the United States in 1996 [l] , location estimation has become increasingly important for mobile services. Although the global positioning system (GPS) is widely utilized for positioning, it would be quite expensive to be adopted in the mobile phone network and its performance is poor when used in a densely populated area. Alternatively, using the base stations (BSs) .in mobile network for localization is more desirable and less expensive. In addition to emergency management, the service will also be useful in monitoring children and the elderly, especially patients with Alzheimer's disease, intelligent transport systems, location billing and interactive map consultation [2]- [4] .
Mobile phone positioning is often achieved by using the measurements of time of arrival (TOA), angle of arrival (AOA), time difference of arrival (TDOA) or received signal strength (RSS). Since most of the European countries are now using the Global System for Mobile Communications (GSM), which provides only the RSS measurements, we will focus on positioning using the RSS measurements in this paper. However, our proposed methodology can be easily extended to T,OA-based and TDOA-based location systems.
In the RSS method, the propagation path losses from the mobilestation (MS) to the BSs are measured, which are then converted t o distances between them. For twodimensional (2D) positioning, each RSS measurement will provide a circle centered at the corresponding BS, on which the MS must lie. In the absence of measurement error, the MS position is given by the intersection of circles from at least three BSs in order to resolve ambiguities arising from multiple crossings of the lines of position. In practical situations when the RSS measurements are in errors, nonlinear least squares is an appropriate but computationally intensive approach for MS positioning. The main idea of the proposed algorithm is to transform the nonlinear equations relating the RSS measurements to the MS location into a set of linear equations by introducing an extra range variable, which is adopted from [5] - [7] in TDOA-based systems. The linear equations are then solved by weighted least squares (WLS) subject to the relation between the range parameter and the MS position coordinates.
The rest of this paper is organized as follows. The model for RSS measurements is described in Section 11. In Section 111, the proposed algorithm that weighs the least squares function and exploits the relation between the range parameter and the position coordinates is devised. In Section IV, the CRLB is derived. Simulation results are presented in Section V. Finally, conclusions are drawn in Section VI. The noise-free RSS or received power at the it* BS, denoted by PT, is expressed as [9] (2)
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where P," is the transmitted power, K; is the rest of all other factors which affects the received power including the antenna height and antenna gain, and a is the propagation constant. The range-related measurement which uses the known P,", I<; and the measured RSS, 
where n; is the noise in r; at the ith BS. The propagation parameter a can be obtained by finding the path loss slope by measurement. In free space, a is equal to 2, but in some urban and suburban areas, U can be from 3 t o 6. The unit of the measurement ri is ma.
For ease of analysis, we assume that measurement errors {nil are zero mean white Gaussian process with corresponding variances { U : } . The probability density In the presence of measurement errors, 0 can be estimated using the standard least squares as
In order to achieve better performance, we should add a weighting matrix to (8) and restrict e to bhe basic relationship R: = z: + y: (9) The resulting location estimator is a constrained optimization problem as follows.
e subject to where We can easily see that (11) is a matrix representation
In order to find the weighting matrix W, the disturbance in b is studied. Assuming sufficiently small measurement error, the value r,? can be approximated using Taylor series as of (9).
= (dq + n$):
As a result, the disturbance between the true and estimate of the squared distances is We now consider solving (10) subject to (ll), which is equivalent to minimizing the Lagrangian which is an equation of 5 roots. The desired X is found by the following procedures. i. Find the 5 roots by using a standard root finding algorithm. Then take only the real roots into consideration as the Lagrange multiplier is always real for real optimization problems. ii. Put the real A'S back to (19) and obtain subestimates of B.
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iii. Substitute the sub-estimates into (AB -h)TW(AB -b) and the sub-estimate that makes the expression minimum is the solution 8 .
IV. CramBr-Rao Lower Bound
The Cramkr-Rao lower bound (CRLB) gives a lower bound on variance attainable by any unbiased estimators and thus it can be served as a benchmark to contrast with the mean square error of the RSS positioning algorithms. The CRLB for the k t h parameter estimate of U , denoted by CRLB(Or) can be computed from
is the corresponding Fisher information matrix (FIM), We observe that the constrained WLS slightly outperformed the standard LS and still achieved the CRLB. It is also noted that MSREs for 7 BSs were always lower than those for 3 BSs. Therefore, the performance of the proposed method was better when more BSs were utilized for mobile positioning.
VI.
Conclusions A simple and efficient mobile positioning algorithm using received signal strength (RSS) measurements is proposed. The idea is to transform the nonlinear equations relating the RSS to the mobile position to a set of linear equations, which are then solved by constrained weighted least squares. It is shown by simulations that the proposed method approaches the optimum location accuracy.
